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Photoisomerisation-coupled electron transfer
Jakub K. Sowa,1, a) Emily A. Weiss,1 and Tamar Seideman1
Department of Chemistry, Northwestern University, Evanston, IL 60208, USA.
Photochromic molecular structures constitute a unique platform for constructing molecular switches, sensors
and memory devices. One of their most promising applications is as light-switchable electron acceptor or donor
units. Here, we investigate a previously unexplored process that we postulate may occur in such systems: an
ultrafast electron transfer triggered by a simultaneous photoisomerisation of the donor or the acceptor moiety.
We propose a theoretical model for this phenomenon and, with the aid of DFT calculations, apply it to the
case of a dihydropyrene-type photochromic molecular donor. By considering the wavepacket dynamics and the
photoisomerisation yield, we show that the two processes involved, electron transfer and photoisomerisation,
are in general inseparable and need to be treated in a unified manner. We finish by discussing how the
efficiency of photoisomerisation-coupled electron transfer can be controlled experimentally.
I. INTRODUCTION
The phenomenon of photoisomerisation, in which a
molecule undergoes a structural change following its ex-
citation with light, not only plays a critical role in the hu-
man visual perception1–3 but has also attracted attention
in the field of nanotechnology where it can potentially be
used to construct molecular switches, engines and opti-
cal memory devices.4–7 There now exist several families
of chemical compounds known to undergo reversible pho-
toisomerisation which typically involves either a ring clos-
ing/opening reaction or a cis-trans isomerisation.8 Pho-
toisomerisation of such organic compounds generally oc-
curs through a motion of the photo-excited vibrational
wavepacket through a conical intersection (CI), followed
by an eventual vibrational relaxation.2,9–12
The mechanism of photoisomerisation in organic
molecules has been extensively studied over the past
three decades and several common types of theoretical
approaches can be identified. The first class of methods
entails using (often high-level CASPT2/CASSCF) ab ini-
tio calculations to construct the potential energy surface
around the two minima (corresponding to the two pho-
toisomers) and the conical intersection located between
them,13–15 although ab initio molecular dynamics simula-
tions have also been used to study the non-adiabatic pho-
toisomerisation dynamics.16–19 Another approach, which
will also be used in this work, involves modelling the pho-
toisomerisation dynamics using idealised potential en-
ergy surfaces often also accounting for the dissipative ef-
fects arising from interactions with the broader molecular
environment.20–25
From both a fundamental and a technological per-
spective, one of the most exciting applications of pho-
tochromic compounds is as light-switchable electron ac-
ceptors or donors.26 That is, due to the difference in oxi-
dation (or reduction) potentials between the two isomers,
photochromic compounds may act as efficient electron
donors (or acceptors) only in one of their isomeric forms.
It has been suggested that such systems can form the
a)Electronic mail: jakub.sowa@northwestern.edu
basis of molecular optical switches and memory devices,
and have therefore attracted considerable experimental
interest.27–35
Here, we suggest that photochromic electron donors
(or acceptors) can also give rise to a novel phenomenon
termed photoisomerisation-coupled electron transfer. To
illustrate this concept, let us consider a photochromic
unit which in one of its isomeric forms can act as an ef-
ficient electron donor, and which is connected to a (non-
photochromic) acceptor unit, as schematically shown in
Fig. 1(a). Suppose that the photochromic donor unit
was initially prepared in the isomeric form with a high
oxidation potential [denoted as A in Fig. 1(a)] so that
the electron transfer is not possible. One can then use
a laser pulse of an appropriate wavelength to excite [and
thus photoisomerise to what is denoted as isomer B in
Fig. 1(a)] the photochromic donor unit and hence en-
able the electron transfer to take place. In the case of
weak coupling between the donor and acceptor, the pho-
toisomerisation and the electron transfer should occur
on very different timescales. First, a laser pulse excites
the photochromic unit and induces its photoisomerisa-
tion. Only later, the slow (non-adiabatic) electron trans-
fer, from what is now a suitable electron donor, takes
place. In general, however, the two processes are not
separable. This is especially important if the donor and
acceptor units are bound covalently – this is expected
to give rise to relatively strong electronic coupling and
thus a fast electron transfer, occurring on a timescale
comparable to that of photoisomerisation. This simul-
taneous electron transfer-photoisomerisation process, in
which the isomerisation driving the electron transfer will
itself be affected by the charge transfer dynamics, will be
the focus of this work.
As stated above, photochromic electron acceptor and
donor systems have been postulated as a possible ba-
sis for various optoelectronic applications such as single-
molecule memory devices enabling a non-destructive
readout.30,32 Such devices can, in principle, operate on
ultrafast timescales and it is therefore important to
understand the dynamical processes which can occur
in these systems. Photoisomerisation-coupled electron
transfer could furthermore unlock molecular-switching
functionalities not accessible in the case of ‘conventional’
2photo-switching dynamics (for which the electron trans-
fer and photoisomerisation take place sequentially).
To the best of our knowledge, neither the dynamics nor
the mechanism of photoisomerisation-coupled electron
transfer have been studied to date. In this work, our pri-
mary aim is to develop a theoretical description and build
an intuitive understanding of this phenomenon. To this
end, in the latter part of this work we will consider an il-
lustrative example of a dihydropyrene-type photochromic
electron donor.
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FIG. 1. (a) Schematic illustration of electron transfer induced
by a photoisomerisation of a donor unit. (b) Potential energy
surfaces for the neutral (singlet) and charge-transfer states.
For clarity, J was set to zero and the charge-transfer states
in (b) were shifted downwards. (c) Diabatic states plotted at
qc = 0. CI positions are denoted above.
II. THEORETICAL MODEL
We assemble a minimal (but therefore also a general)
description of the problem at hand. Our system com-
prises a photochromic donor (acceptor) unit electroni-
cally coupled to an ordinary acceptor (donor) moiety. We
assume that the photochromic unit can exist in either of
its photoisomeric forms, henceforth referred to as pho-
toisomers A and B, and in either its neutral or cationic
(anionic) charge state. There exist therefore four rele-
vant electronic states: two singlet states describing neu-
tral donor and acceptor units, |SA〉 and |SB〉, and two
charge-transfer states (describing the cationic donor and
anionic acceptor units), |CTA〉 and |CTB〉. We assume
that (de-)charging of the non-photochromic unit is not
accompanied by a significant displacement of its nuclear
coordinates. This should be a reasonable assumption es-
pecially if that moiety corresponds to a semiconductor
quantum dot.27
As stated before, the photoisomerisation of the pho-
tochromic unit involves a motion of a photoexcited
wavepacket through a CI. The minimal model for the
neutral photochromic moiety comprises therefore two di-
abatic singlet states (corresponding to isomers A and B)
coupled to the so-called tuning and coupling vibrational
modes.36 The Hamiltonian for the neutral states is there-
fore (~ = 1):12,21,36
H0 =
∑
i,i′=SA,SB
|i〉hiδi,i′ + λ0 qc(1− δi,i′)〈i′| , (1)
where hi = εi + κ
(i)
t qt + T . In the above, qt and qc
are the coordinates of the tuning and coupling mode,
respectively, εi is the energy of state i (at the tuning
vibrational coordinate qt = 0), κ
(i)
t is the coupling con-
stant of the i-state to the tuning mode, and λ0 deter-
mines the coupling between the diabatic states SA and
SB. The minimum of each of the diabatic states is given
by ε¯i = εi −
(
κ
(i)
t /
√
2ωt
)2
with a corresponding dimen-
sionless displacement: ∆i = −κ(i)t /ωt. Finally, T is the
total kinetic operator:
T =
∑
k=c,t
ωk
2
(
∂2
∂q2k
+ q2k
)
, (2)
where ωk is the frequency of the mode k. We assumed
that both the tuning and the coupling mode can be de-
scribed using harmonic potentials. In reality, the tuning
mode (which acts here as the reaction coordinate) may
be expected to exhibit a large degree of anharmonicity.
Nonetheless, we expect the model presented here to cap-
ture the essential physics of the considered phenomenon.
A similar potential energy surface (including a conical
intersection) can also be constructed for open-shell pho-
tochromic systems.37,38 The Hamiltonian for the charge-
transfer states (with a charged photochromic unit) can
therefore similarly be written as:
H1 =
∑
j,j′=CTA,CTB
|j〉hjδj,j′ + λ1 qc(1 − δj,j′)〈j′| , (3)
with hj = εj + κ
(j)
t qt + κ
(j)
c qc + T . Crucially, as it will
be demonstrated below and is also shown in the supple-
mentary material, the ground states of the charged pho-
toisomers are in general displaced with respect to their
neutral counterparts.
The neutral and charge-transfer states are coupled
electronically via
H0−1 =
∑
i,j
Jij(|i〉〈j|+ |j〉〈i|) , (4)
3where |i〉 = {|SA〉, |SB〉} and |j〉 = {|CTA〉, |CTB〉}, and
Jij is the strength of the coupling between the i and j
states.
An example of the four diabatic states considered here
is plotted (as a function of the nuclear coordinates qt
and qc) in Fig. 1. The energy differences between the
two photoisomers (i.e. between ε¯SA and ε¯SB , and between
ε¯CTA and ε¯CTB) are determined by the nature of the pho-
tochromic unit, see supplementary material for several
examples. On the other hand, the energy differences be-
tween the neutral singlet and charge-transfer states can
be tuned by choosing an appropriate (non-photochromic)
donor or acceptor unit.
Finally, both vibrational modes are coupled to their
(separate) wider environments which are modelled as col-
lections of harmonic oscillators,39,40 see supplementary
material. They account for the solvent environment of
the donor-acceptor system as well as, to a lesser degree,
the residual intramolecular vibrational modes. These in-
teractions induce vibrational relaxation (damping of the
wavepacket at the rates γk, k = c, t) which will be mod-
elled here using the diabatic damping approximation41–43
(DDA) within the Redfield theory which itself relies on
the Born and Markov approximations justified in the
limit of weak environmental coupling.44 It will be there-
fore assumed that the phononic environments remain
thermalised at all times and can be described using con-
tinuous spectral densities. We note that DDA has pre-
viously been used in the modelling of ultrafast electron
transfer where it compared favourably with the secular
approximation method.45 Furthermore, unlike Redfield
theory itself, DDA does not violate positivity nor does it
require a detailed knowledge of the vibrational environ-
ment. Given the limitations of the (phenemenological)
weak-coupling approach used in this work, extending the
theory discussed here to include more sophisticated21 or
even numerically exact46 descriptions of environmental
interactions would be an interesting, and important, av-
enue for future research. We nonetheless believe that
the results presented in this work grasp the fundamental
physics of the considered phenomenon. In what follows,
we will also disregard any direct coupling between the
electronic degrees of freedom and the outer-sphere envi-
ronment which plays a lesser role in the case of non-polar
solvents (as used, for instance, in Ref. 27).
Unless specified otherwise, we will henceforth assume
that the initial state was prepared by an ultrashort laser
pulse which induces a vertical excitation of the neutral
photoisomer A, Fig. 1(c). The initial density matrix is
therefore
ρ(0) = |SB〉|0〉〈0|〈SB| , (5)
where |0〉 denotes the vibrational ground state of the di-
abatic state |SA〉.
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FIG. 2. (a) Schematic of the studied model system. (b, c)
Populations of the diabatic states as a function of time in the
(b) absence, and (c) presence of vibrational damping γk = 2
meV and T = 300 K.
III. RESULTS AND DISCUSSION
A. Model system
We demonstrate the principle of photoisomerisation-
coupled electron transfer on a concrete example although
most of our conclusions are general. We consider a
system akin to that studied by Liddell et al.33 which
comprises a ‘conventional’ acceptor unit47 and a pho-
tochromic dihydropyrene-type molecule acting as a (po-
tential) electron donor.48 As shown in Fig. 2(a), the two
possible photoisomers of the donor unit (A and B) pos-
sess different oxidation potentials so that photoisomeris-
tion of the donor can be used to control the electron
transfer. We note that the considered photochromic unit
belongs to the C2h point group in both of its neutral iso-
meric forms. We do not consider any linking groups in
our calculations in order to make full use of the molecular
symmetry.
We parameterise our (minimal and prototypical)
model as follows. First, geometry relaxation of the neu-
tral and cationic forms of the two photoisomers is per-
formed to obtain the energy differences between the two
isomers in their respective charge states (all calculations
were performed in NWChem at the B3LYP/6-311+G**
level of theory49). The relative alignment of the neutral
and charge transfer states is chosen such that the ground
states of |CTA〉 and |CTB〉 lie above and below those of
|SA〉 and |SB〉 states, respectively: ε¯SA = 0, ε¯SB = −0.42,
ε¯CTA = 0.32, and ε¯CTB = −0.5 (all in eV).
4Symmetry analysis reveals that the vibrational modes
are Γvib = 24Ag + 18Bg + 19Au + 23Bu. The totally-
symmetric Ag modes can be easily identified as the tun-
ing modes,36 whereas, as discussed in the supplementary
material, the coupling modes are most likely of Bu sym-
metry. Since the electronic ground states of A, B and
B
+ are all of Ag symmetry, we indeed find that only
the Ag modes are displaced between the A and B/B
+
isomers. Meanwhile, the A+ structure distorts into the
C2 symmetry which is accompanied by a displacement of
the Ag and Au modes. Consequently, no displacement of
the coupling mode is associated with the electron transfer
from the photochromic unit, κ
(j)
c = 0. In order to deter-
mine the displacement parameters κ
(i)
t , we use the neu-
tral A structure as the reference geometry and follow a
Dushinsky-type procedure as outlined in the supplemen-
tary material. We choose the Ag mode with the largest
displacement for the A→ B transition to act as the tun-
ing mode in our calculation. This mode corresponds to
the stretching/compressing of the carbon-carbon bond
formed during the photoisomerisation (see supplemen-
tary material) and has a frequency of ωt = 39.5 meV. The
relative displacements are κ
(SA)
t = −0.235, κ(SB)t = 0.235,
κ
(CTA)
t = −0.217, and κ(CTB)t = 0.217 (all in eV). The
resulting alignment of the energy levels is very similar
to that shown in Fig. 1(c), see supplementary material.
Crucially, therefore, the charge transfer is accompanied
by a displacement of the tuning (isomerisation) coordi-
nate.
We do not attempt here to extract the interstate cou-
plings λi (or ωc) from ab initio calculations, cf. Ref. 50,
resorting instead to values previously suggested in the
literature,51 ωc = 0.112 eV and λ0 = λ1 = 49.6 meV, as-
suming for simplicity that inter-state coupling is identical
in the neutral and charge-transfer states. To further re-
duce the number of parameters, we set Jij = J = 5 meV,
unless stated otherwise.
B. Properties of the model
Let us begin by exploring the properties of our model
system. (i) Firstly, in the absence of the initial photoex-
citation, that is, when ρ(0) = |SA〉|0〉〈0|〈SA|, the elec-
tron transfer is not energetically possible as the |CTA〉
state lies above the |SA〉 state and there exists an en-
ergy barrier for the direct isomerisation. Consequently,
on the considered timescale, the system essentially re-
mains in the (meta-stable) |SA〉 state, see supplementary
material. (ii) In the absence of donor-acceptor electronic
coupling, that is for J = 0, following a photoexciation
of the A isomer the molecular system simply isomerises
from A to B with a yield of roughly 0.74 (for γk = 2
meV and temperature T = 300 K). As explicitly shown
in the supplementary material, this process takes place
within less than 1 ps. (iii) For the system initially found
in the vibrational ground state of state |SB〉, the electron
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FIG. 3. (a, b) Projections of the wavepacket on the tuning
coordinate as a function of time for (a) γk = 0, and (b) γk =
2 meV. (c, d) Projections of the wavepacket on the tuning
coordinate after 500 fs of wavepacket evolution for (c) γk = 0,
and (d) γk = 2 meV; T = 300 K.
transfer to the state |CTB〉 takes place without the need
for laser excitation due to the relatively small energy bar-
rier between the |SB〉 and |CTB〉 states, see Fig. 1(c) and
the supplementary material. (iv) Finally, as we shall dis-
cuss in the remainder of this work, the photoexcitation
of the wavepacket located in the ground state of the |SA〉
state triggers a simultaneous isomerisation of the pho-
tochromic donor moiety and an electron transfer from
that donor to the acceptor unit.
C. Dynamics
We first consider the fully unitary dynamics, that is,
we set γk = 0. As shown in Fig. 2(b), following the ver-
tical photoexcitation, we observe coherent oscillations of
the populations of the four diabatic states in which the
small initial rise of the population of the |SA〉 state is fol-
lowed by a fast increase of the charge-transfer states. As
shown in Fig. 2(c), in the presence of vibrational dissipa-
tion the initial coherent oscillations are largely damped
which is accompanied by a more efficient electron trans-
fer. The photoisomerisation takes place within roughly
600 fs. This is accompanied by the levelling off of the
populations of the |SA〉 state (formed by a propagation
of the vibrational wavepacket through the conical inter-
section). In the case of a successful photoisomerisation,
the ‘excess’ electron is at longer times delocalised over the
non-photochromic acceptor and the donor unit (in its B
form), see the supplementary material for the population
dynamics at longer times. This occurs due to relatively
strong donor-acceptor coupling that is comparable to the
energy difference between the |SB〉 and |CTB〉 states in
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FIG. 4. (a) Isomerisation yield Φ as a function of the donor-acceptor coupling, J . (b) Adiabatic population dynamics for very
weak donor-acceptor coupling, J = 0.4 meV. Remaining parameters as in Fig. 2(c).
our model system (and is not therefore universally true).
Surprisingly, we also observe a small (but non-negligible)
population of the |CTA〉 state. This corresponds to the
electron transfer having taken place despite an unsuccess-
ful photoisomerisation of the donor unit. Generally, this
has a chance of occurring as long as the photoinduced
wavepacket propagates through the (avoided) crossing of
the |SB〉 and |CTA〉 diabatic states, as it can be inferred
from Fig. 1(c).
We next demonstrate the inseparability of the photoi-
somerisation and electron transfer processes. First, in
Figs. 3(a, b), we plot the projection of the wavepacket
in the diabatic state |SB〉 on the tuning coordinate as a
function of time. We observe the expected oscillations of
the wavepacket, damped towards qt = ∆SB in the case of
non-zero γt. Figs. 3(c) and (d) show the projection of the
wavepacket at time t = 500 fs for two values of the donor-
acceptor coupling: J = 0 and 5 meV. Crucially, the pos-
sibility of the electron transfer (non-zero J) affects the
shape as well as the magnitude of the wavepacket. The
shape of the wavepacket (after certain propagation time)
depends non-trivially on the details of the potential en-
ergy surface. The decrease in its magnitude, on the other
hand, can be easily understood as a consequence of pop-
ulating the charge transfer states.
It is also useful to consider the yield of photoiso-
merisation which one can define (only in the presence
of vibrational damping) as Φ = PSB(tss) + PCTB(tss)
where Pi(t) = Tr [|i〉〈i|ρ(t)] and tss is the time at which
the dynamics of the system reaches its quasi-steady-
state.21 For the parameters used here tss ∼ 3 ps (see
supplementary material for the population dynamics for
the considered values of the donor-acceptor coupling).
Fig. 4(a) shows the photoisomerisation yield as a func-
tion of the donor-acceptor coupling, J . The initial in-
crease of Φ with increasing J is due to the possibility
of charge transfer which leads to populating the (ener-
getically more stable) |CTB〉 state. On the other hand,
for larger values of the donor-acceptor coupling, the pho-
toisomerisation yield marginally decreases which can be
attributed to the formation of the |CTA〉 products. Cru-
cially, however, Fig. 4(a) reveals that the photoisomerisa-
tion yield depends on the strength of the donor-acceptor
coupling. For the parameters (and the model system)
considered here, the changes of Φ with J are relatively
modest. It should nevertheless be possible to detect
them experimentally, see Ref. 52. Since the possibility
of charge transfer from the photochromic donor unit af-
fects the overall photoisomerisation yield, the two pro-
cesses clearly need to be treated within a unified theory,
as asserted above.
Finally, we turn to the issue of controlling the effi-
ciency of the photoisomerisation-coupled electron trans-
fer. As expected, the rate of the considered electron
transfer decreases with decreasing donor-acceptor cou-
pling J . As discussed above and shown in Fig. 4(b),
in the case of significantly smaller donor-acceptor cou-
pling, the photoisomerisation and electron transfer take
place on very different timescales. The electron transfer
(which can be observed as the rise of the populations of
the charge transfer states) takes place largely after the
photoisomerisation is complete (that is, when the |SA〉
and |SB〉 populations have almost reached their quasi-
steady-state values). Consequently, the electron transfer
and photoisomerisation may essentially be treated as sep-
arate processes. It is also worth noting that in the case
of much weaker donor-acceptor coupling, no significant
populations of the |CTA〉 state are observed, in contrast
to what was discussed above. It is important to note
here that the donor-acceptor coupling can be tuned (or
at least varied) experimentally by changing the chemical
group linking the donor and acceptor units.
Although the wavepacket dynamics are sensitive to the
details of the potential energy surfaces the latter are in-
herent to the considered photochromic system. Similarly,
environmental interactions strongly influence the dy-
namics of the photoisomerisation-coupled electron trans-
fer, but are generally difficult to control experimentally.
Nonetheless, the efficiency of the electron transfer can be
to some extent controlled by changing the offset between
the neutral and charge-transfer states. In practice this
can be achieved by varying the non-photochromic accep-
tor (or, if appropriate, donor) moiety. As can be inferred
from Fig. 1(c), by changing the relative energies of the
6neutral and the charge transfer states, one can modify
the energy barrier for the electron transfer for the isomer
B. In particular, as we demonstrate in the supplemen-
tary material, stabilising the charge transfer states (that
is, lowering their energy relative to that of neutral sin-
glet states) can push the |SB〉 → |CTB〉 electron transfer
into a deep inverted region thus impairing the efficiency
of this process. In the context of controlling the dynam-
ics of photoisomerisation-coupled electron transfer, the
use of colloidal quantum dots as the non-photochromic
acceptor (or donor) units27 is therefore particularly at-
tractive due to the apparent tunability of these systems.
(It is possible to shift the positions of the quantum-dot
electronic energy levels by simply changing the size of
these particles.)
IV. CONCLUSIONS
In this work, we have introduced and devel-
oped a conceptual understanding of the phenomenon
of photoisomerisation-coupled electron transfer which
amounts to a simultaneous and inseparable photoiso-
mersation and electron transfer from (or onto) a pho-
tochromic donor (or acceptor) unit. We have demon-
strated, using the example of a dihydropyrene-type
molecular structure, how this process can be modelled
and, to some extent, controlled by the chemical design of
the donor-acceptor system. We have also shown that this
phenomenon can yield products inaccessible through a se-
quential isomerisation and charge transfer reactions. Fur-
thermore, we discussed how the photoisomerisation yield
can be affected by the possibility of an electron trans-
fer. If a stronger dependence of the photoisomerisation
yield on the donor-acceptor coupling (than observed in
our prototypical model system) can be realised, the pro-
cess considered here may open an attractive new way of
controlling the outcomes of photoisomerisation reactions.
An understanding of the dynamics of photoisomerisation-
coupled electron transfer should also prove crucial for
the future design of molecular switches and memory de-
vices based on the phenomenon considered here, espe-
cially when an ultrafast operation of such devices is de-
sirable.
While awaiting experimental studies of the consid-
ered phenomenon, several aspects of photoisomerisation-
coupled electron transfer can be further explored theoret-
ically. These include extending the theory presented here
to the multi-mode case, anharmonic potential energy sur-
faces and cis-trans isomerisation as well as identifying
molecular structures suitable for experimental investiga-
tions. Designing systems in which photoisomerisation
and electron transfer are maximally intertwined would
be especially important for the future empirical research
into the process considered here. It would likewise be
interesting to investigate in more detail the role of en-
vironmental interactions (also beyond the weak-coupling
approximation) including the importance of possible non-
Markovian effects. Finally, ab initio molecular dynamics
simulations could also be used to study the phenomenon
in question.
SUPPLEMENTARY MATERIAL
See supplementary material for several further exam-
ples of photochromic units, details of the theoretical
methods, and supporting dynamics calculations.
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